Abstract. The aim of this study was to investigate the antitumor effect induced by low frequency (20 kHz) ultrasound (US) radiation combined with intravenous injection of microbubbles (Mbs) on prostate carcinoma Du145 xenografts in nude mice. Du145 prostate tumors were percutaneously implanted in 40 nude mice, which were randomly divided into 4 groups (n=10 each): US+Mbs, US, Mbs and control groups. The mice in the US+Mbs group were treated with 20 kHz, 200 mW/cm 2 US radiation and with 0.2 ml Mbs injected intravenously. Mice in the US and Mbs groups were only treated with US radiation and injection of Mbs, respectively. Tumors were measured with sonography, and the ratio of antitumor growth was calculated. The mice were sacrificed 14 days after treatment. Specimens of the tumor tissues were observed pathologically using light microscopy and transmission electron microscopy. Microvessel density and the average optical density of vascular endothelial growth factor were compared among groups by immunohistochemistry. The average gross tumor volume of the US+Mbs group was significantly reduced compared with the other groups following treatment (P<0.05). The ratio of the antitumor growth in the US+Mbs group was significantly greater than that of the US and Mbs group (P<0.05). Histological examination showed signs of tumor cell injury in the US+Mbs group. Examination by electron microscopy revealed vessel injury in the endothelium in the tumors treated with US+Mbs. Microvessel density and the average optical density of vascular endothelial growth factor in the US+Mbs group were significantly less than that of other groups (P<0.05). In conclusion, low frequency US of 20 kHz radiation combined with Mbs may be used to inhibit the growth of human prostate carcinoma xenografts in nude mice, and the effect is likely realized through microvessel destruction caused by cavitation.
Introduction
High-intensity focused ultrasound (HIFU) surgery was first used to created focal lesions deep in liver tissue and was further developed by a group headed by William Fly in Illinois in the 1950s (1) . At the point where the ultrasound (US) waves are focused, sudden and intense absorption of the US beam creates a rapid elevation in temperature, which destroys the cells located at the targeted area without damaging tissue elsewhere in the path of the beam. HIFU has been used to treat glaucoma in human patients (2) and for ablation of prostatic tissue in dogs (3) . Clinical studies also explored the use of HIFU for the transrectal treatment of benign prostatic hyperplasia and prostate cancer (4) (5) (6) . The main disadvantage of HIFU is that only a small amount of tissue is ablated in a single exposure, since it works by focusing high-energy US waves on a volume of tissue approximately the size of a grain of rice. When larger amounts of tissue are to be ablated, as in tumor therapy, it results in long treatment periods and thereby adversely affects the patient's quality of life. Furthermore, the clinical applications of HIFU are limited due to the rarity of an adequate acoustic window to access the tumors, or inevitable injuries to the adjacent structures.
The microbubbles (Mbs) contain gas encased in a shell, and have diameters between approximately 1 and 5 µm so that they are capable of passing through the capillary network. When the bubbles pass through the tissue volume and are exposed to US, they expand and contract at the frequency of the propagating acoustic wave due to the cyclic pressure reductions and increases associated with the wave propagation. The bubble's oscillation also causes the surrounding fluid to flow (microstreaming), thus creating large shear forces around the bubbles. In addition, the bubbles are pushed by a radiation force in the direction of wave propagation (7, 8) . Above a particular threshold, the bubble's oscillation becomes so intense that the inertia of the surrounding fluid causes the bubble to collapse, inducing high temperatures and pressures. The result is a shock wave, which propagates at supersonic speed from the collapse site. If the bubbles collapse near a vessel wall, they may create fluid jets, which are likely to puncture the wall (9-11). As a result, the bubbles absorb and concentrate energy from the US wave into a microscopic tissue volume, reducing the US power levels by at least two orders of magnitude from that required to induce bio-effects without the bubbles (12) .
The purpose of this study was to evaluate the anti-tumor effect of low frequency and low intensity US radiation combined with Mb intravenous injection on prostate tumors subcutaneously implanted in nude mice. Microbubbles. SonoVue ® (Bracco Company, Italy) was used. After the plastic cap of the vial was removed, 5 ml sterile normal saline was added into the vial. The vial was agitated vigorously for approximately 20 sec before the milky white suspension was ready.
Materials and methods

Experimental
US equipment and experimental procedures. The Ultrasonics Processing FS4500 US Tumor Therapeutic System (Fudan Institute Technology, China) was used in this study. The parameters used were: US frequency 20 kHz, ISP 200 mW/ cm 2 . In the US+Mbs group, 0.2 ml SonoVue was injected slowly via tail veins, followed by rapid injection of 0.2 ml normal saline as the power generator was turned on; the whole target tumor was irradiated for 120 sec. In the US group, the same US was applied to tumors as the US+Mbs group, but it was combined with intravenous injection of 0.4 ml normal saline only. In the Mbs group, the mice were intravenously injected with 0.2 ml SonoVue and 0.2 ml normal saline, but without US exposure. No interventions were performed on the control group. The treatments were repeated three times in total every other day.
Tumor challenge. From the first day of treatment, the tumor growth was monitored, and its diameter was measured every 3rd day by a US machine (ESAOTE MyLab 90, Genoa, Italy). The tumor volume was then calculated using the formula: tumor volume (mm 3 )=d 2 xD/2, where d and D are the shortest and longest diameters of the measured tumor, respectively. Tumor inhibition ratio was calculated using the formula: tumor volume inhibition ratio (%)=(V 1 -V 2 )/V 2 , where V 1 and V 2 are the tumor volume of therapy groups and average volume of control group, respectively. Differences were tested with analysis of variance or the Student's t-test, and results were considered to be statistically significant at P<0.05.
Specimens. Two weeks following the intial treatment, all of the mice in the four groups were sacrificed and tumors were surgically excised. Sections (1 mm   3 ) were sampled, double fixed by glutaraldehyde and osmium acid, embedded in epoxy resin and sectioned ultra-thinly. Ultra-structural changes of the targeted tissues were observed under a transmission electron microscope. The remaining tumor tissues were stained with hematoxylin and eosin (H&E) and observed under a light microscope.
Immunohistochemical examination. H&E staining and immunohistochemical examination were performed. The microvessel density (MVD) of the tumor was calculated under microscopy by marking the tumor vessels with mouse anti-human CD34 monoclonal antibody according to Weidner's revised technique (13) . The expression of vascular endothelial growth factor (VEGF) was marked with the mouse anti-human VEGF monoclonal antibody. The whole slide was viewed at 100-times field of view (FOV) under the microscope, and the 'hot-spot' (i.e., the most intensive area of tumor angiogenesis) was found. Then, under 200-times FOV, the number of tumor vessels was calculated and averaged as MVD by viewing 5 FOV randomly on each slide. The same method was used to calculate the average optical density (AOD) of VEGF. The observed data were exhibited as the mean ± standard deviation. Statistical analysis was performed using a SPSS 13.0 statistical software package. The difference of MVD counts and AOD of VEGF in the tumor tissue of 40 mice in 4 groups were obtained using the one-way analysis of variance. Differences were considered to be statistically significant at P<0.05.
Results
Gross observation. Each tumor was detected with US when the tumor reached a diameter of approximately 0.5 cm in muscle, 14 days after the Du145 prostate tumor cells were injected subcutaneously. A total of 28 days after the tumor cells were implanted, the diameter of the tumors ranged from 7 to 11 mm. The implanted tumors were observed to be spherical-, elliptical-or nodular-shaped by US sonography.
In the control group, the average tumor volume markedly increased at the time of 2 weeks compared to the US+Mbs group (P<0.05). The average tumor volume inhibition ratio of the US+Mbs group was 62.70%, which was significantly greater than that of the Mbs group (16.34%) and the US group (23.66%). However, the average tumor volume of the US group and the Mbs group at 2 weeks was similar to the control group (P>0.05).
Gross pathological findings and light microscopy. In the US, Mbs and control groups, the tumors resembled the appearance of gray fish meat and the cells were encapsulated. A clear demarcation with a sharp boundary was detected between the tumor and normal surrounding tissues. In the US+Mbs group, there was a large amount of yellowish coagulation necrosis inside the tumor.
On the H&E-stained slides, under a low power lens, Du145 prostate tumor cells in the control group appeared mass-flake-like or as an invasive cancer nest, with reduced connective tissues and an unclear demarcation between the tumor and mesenchymal cells. Under a high-power lens, tumor cells were large, irregularly arranged with an irregular morphology. The nuclei were large and deeply stained, with a large karyoplasmic ratio and increased mitosis. The tumor tissue of the US and Mbs groups was similar to that of the control group. The tumor cells of the US+Mbs group were shrunk by coagulation necrosis, and their volume was reduced. Some residual tumor cells remained in the periphery of the tumors. The tumor cytoplasm was lightly stained with cytoplasmic vacuoles of various sizes (Fig. 1) .
Electron microscopy. In the control group, a high magnification view of the wall of a tumor blood vessel in the control group showed highly attenuated vascular endothelium. The nuclei of the endothelial cells were large and deformed, with clear nuclear membranes and rich euchromatin. The chromatin particles were large with intranuclear pseudo-inclusions and multiple visible nucleoli were present. No difference was observed in the appearance of the US and Mbs groups compared with the control group. In the US+Mbs group, changes in the wall perimeter included small membrane blebs, unusual vacuoles or multiple filopodia, small gaps in the endothelial layer and regions of disrupted or missing endothelium. The diameter of these gaps ranged from hundreds of nanometers to several microns. Endothelial cells were reduced in size, and in certain endothelial cells, karyopyknosis was revealed and various vacuoles of different sizes were present in the cytoplasm (Fig. 2) .
Immunohistochemical examination. CD34 expression was located on the vascular endothelial cells of the tumor. By targeting the microvessels with CD34 monoclonal antibody, a large amount of tumor microvessel density was exhibited as a brown-yellow dying area on the immunohistochemical slides in the control group. In the US+MBs group, the microvessels of the tumor were dispersed and exiguous, and the MVD markedly decreased compared with that of the control group.
The expression of VEGF was mainly located in the plasma of the tumor cells. A positive expression of VEGF appeared as brown-yellow slender particles. A decreased expression level of VEGF in tumor cells was observed in the US+Mbs group compared to the control group. A small amount of the brownyellow granular substance was detected in part of the cytoplasm.
As shown in Table I , the amount of CD34-and VEGFpositive expression in US+Mbs significantly decreased when compared with that of the control, US and MBs groups (P<0.05), suggesting that US+Mbs was capable of inducing the inhibition of angiogenesis. However, no differences were 
Discussion
Physical therapy applications using Mbs and US cavitation on the disruption of tumor neovasculature have drawn much attention due to their use in gene transfection, targeted drug delivery and release, and thrombolysis (14-20). The ultrasonic cavitation effect is a significant physical effect of US, besides the thermal effect. Mbs as an effective cavitation core may induce a significant cavitation effect under appropriate ultrasonic impulse excitation. Cavitation-released mechanical energy (non-thermal effect) has the potential of ablating targeted tissue. This hypothesis suggests disrupting the immature, leaky and fragile tumor microvasculature is possible. In addition, being a simple physical therapeutic method, Mbs enhanced US cavitation to obstruct tumor microcirculation can be repeated with equal success and may be capable of preventing the thermal side effects of HIFU treatment. In our study, the prostate tumors of nude mice treated with low-intensity US combined with the intravenous injection of Mbs were ablated by non-thermal effects, which have characteristic pathological changes that are different from those of thermal lesions. Ashush et al (21) observed the following morphological changes after US cavitation: cell shrinkage, vacuole formation, chromatin condensation, karyorrhexis and the formation of apoptotic bodies. Kieran et al (22) studied non-thermal lesions by changing the US intensity and duty cycle. Their histological observation showed that within a certain intensity and duty cycle, vacuoles were formed in the cells, with blanched and dense liquid inside the vacuoles. Our study found that neither low intensity US nor Mbs, as separate conditions, were able to achieve a tumor ablation effect. However, when the two factors were combined together, the tumor inhibition effect was significant. Light microscopy 
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showed abundant vacuoles of various sizes in the cytoplasm and chromatin margination and karyopyknosis in certain cells. Electron microscopic examination revealed a presence of karyopyknosis and chromatin margination in certain cells, intercellular space widening, and a number of vacuoles of various sizes in the cytoplasm. These findings indicated that by combining low frequency US with Mbs, cavitation effects may be intensified to achieve non-thermal tumor ablation. VEGF is known to be a potent stimulator of endothelial cell proliferation, vascular permeability and angiogenesis. VEGF may be stimulated by the platelet-derived growth factor and function synergistically with the fibroblast growth factor to stimulate new vessel growth. Inhibition of the VEGF receptor tyrosine kinase activity has been shown to slow the tumor growth in various tumor models, including metastatic colon cancer, mammary and pancreatic adenocarcinomas (23) (24) (25) (26) (27) . It is likely that by targeting and disrupting the receptor tyrosine kinase activity of multiple angiogenic modulators, such as VEGF, platelet-derived growth factor and fibroblast growth factor, may more effectively inhibit tumor growth. A distinct increase in the expression levels of promoting factors of angiogenesis, such as VEGF, has been observed during tumor growth and evolution. VEGF is capable of specially binding the corresponding acceptor of vascular endothelial cells and promoting the proliferation of vascular endothelial cells. Moreover, it increases the permeability of vessels and facilitates the exudation of serous protein including fibrinogen (28) . Accordingly, during contrast-enhanced low frequency and low intensity US therapy, US cavitation inhibited the expression of VEGF in prostate tumors in nude mice.
Contrast-enhanced low frequency and low intensity US cavitation produced injury of vascular endothelial cells in prostate tumors, and inhibited the expression of VEGF in the tumor, resulting in tumor inhibition effects. The potential for such effects during contrast-enhanced US cavitation at 20 kHz should be acknowledged. The major application of this study is in the target therapy of solid tumors with abundant microvessels. Future studies are required into certain aspects of US cavitation, such as cavitation detection, temperature monitoring and other means to detect non-thermal effects; how to optimize the combination between US and Mbs exposure parameters; the means to control and monitor cavitational lesions; and longterm outcomes of non-thermal tumor ablation.
